Summary To determine whether tumour growth is influenced by circadian variations in tumour tissue blood flow, we measured changes in area doubling time of tumours (Sato lung carcinoma) within transparent chambers and changes in tissue blood flow of rat subcutaneous tumour during a light-dark cycle. Rats were subjected to an artificial light-dark cycle with light from 7 a.m. to 7 p.m. Tumour doubling times (TDTs) dunrng the dark and the light spans were 33.5 ± 11.9 h (n = 38, 20 rats) and 70.6 ± 36.9 h (n = 39, 20 rats) respectively. The former was significantly shorter than the latter (P<0.001). In addition, the larger the tumour became, the longer was the TDT during the light span (P<0.05). Tumour tissue blood flow dunrng the night (10 p.m.-4 a.m.) was approximately 1.5 times greater than that during the day (10 a.m.-4 p.m.). The time dunrng which tumours actively grow and that during which tissue blood flow in tumours increases coincided. These results strongly suggest that tumour tissue blood flow is a determining influence on tumour proliferative activity and that tumour growth is influenced by circadian variations in tumour tissue blood flow.
The most prominent characteristics of malignant tumours involve abnormalities in growth. Tumour growth seems to depend largely on blood supply to tumour tissue, i.e. tumour tissue blood flow, because solid tumours grow rapidly as soon as tumours become vasculanised (Ide et al., 1939; Algire et al., 1945; Eddy and Casarett, 1973; Folkman, 1974) and, conversely, the tumour mass achieves a steady state at a comparatively small size when tumours are prevented from vascularising (Gimbrone et al., 1972) . In addition, it has been reported that small tumours, which grow more rapidly, have comparatively high perfusion values (Vaupel et al., 1987; Kallinowski et al., 1989; Hori et al., 1993a) . Some researchers have also found that both labelling and the mitotic index are higher at regions adjacent to blood vessels where nutrients are present in relatively high concentrations and decrease with increasing distance from blood vessels (Tannock, 1968; Brammer et al., 1979; Gabbert et al., 1982; Porschen et al., 1994) .
Recently we discovered that there are circadian fluctuations in tissue blood flow of rat s.c. tumours and that the tumour tissue blood flow reaches its greatest value at night (Hori et al., 1992) . If the tumour growth is closely associated with increases and decreases in tumour tissue blood flow, rat s.c. tumours should grow more actively during the night. To date, however, there have been no data relating to this matter.
The purpose of the present study was to confirm experimentally that in vivo growth of tumours synchronises with circadian fluctuations in tumour tissue blood flow. Thus, we measured changes in tumour doubling time, as well as changes in tumour tissue blood flow, during a light-dark cycle.
Materials and methods

Rats and tumour
Male Donryu rats (Crj-Donryu; Nippon Charles-River, Yokohama. Japan), weighing 200-220 g each, were used for measurements of tumour doubling time and for measurements of tumour tissue blood flow. They were caged singly in an air-conditioned room at a temperature of 25± 1C, and given food and water ad libitum. For 3 weeks before the beginning of the measurement they were subjected to an artificial light-dark cycle with light from 7 a.m. to 7 p.m. The tumour used was Sato lung carcinoma (SLC), established in 1964 by Drs R Sato and Y Shimosato (Shimosato and Watanabe, 1967) injection) and enflurane (Ethrane; Abbott Laboratories) (0.8-1.0%) in the inhaled carrier gas at I Imin-'). The concentration of enflurane was controlled by means of an anaesthetic apparatus for small laboratory animals (Hori et al., 1991) . Body temperature was maintained during anaesthesia by placing the animal on a heated stage at 34°C. Allexperiments were performed in a controlled-temperature box (24.5 ± 0.3C) fitted with a suction duct, and were completed within half an hour. We have confirmed by vital microscopic observation that there is little disturbance of microcirculation under the anaesthetic conditions described above. (Honr et al., 1990) . Briefly, circular pieces of skin on opposing surfaces of the dorsal flap were dissected away. leaving a thin subcutaneous membrane. The transparent chamber was then inserted into the skin fold. A small fragment (approximately 0.1 mm3) of solid tumour was implanted from a donor rat onto the tissue within the chamber when the transparent chamber was installed. The mean thickness of subcutaneous tissue within the chamber was about 110 ILm. Observations and photographs were started 4-7 days after tumour implantation and were terminated when the tumour overgrew the transparent chamber completely and tracings of the tumour were no longer possible.
The tumour was observed by transmitted light microscopy (BHS-323; Olympus, Tokyo, Japan) and photographed on instant film (FP-100C; Fuji Photo Film, Tokyo, Japan) at two different times of the day, i.e. at 7 a.m. and 7 p.m. The size of the tumours was expressed in terms of tumour area rather than tumour volume because a piece of tumour tissue implanted within the chamber grows in a sheet-like fashion. After serial photographs were taken at a low magnification (objective 2 x, ocular 10 x), individual prints were assembled into a montage. A transparent vinyl sheet was placed over the photomontage and the tumour was traced onto the overlay, frequently observing the tumour within the transparent chamber for reference. Tumour area was measured using a cursor interfaced with a digitising tablet (WT-4400SE, WACOM Corp., Saitama, Japan) to a personal computer. The software used was an Area-Distance Calculation Program (WACOM).
Evaluation of growtth of tumours Growth of tumours was represented by tumour doubling time (TDT). The tumour sizes within the transparent chambers at 7 a.m. and at 7 p.m. were plotted in a semilogarithmic diagram vs time, and TDT during the 12 h light span was calculated assuming exponential growth. Likewise, the TDT dunrng the 12 h dark span was determined from measurements of tumour sizes at 7 p.m. and 7 a.m. The relationships between TDT and the light-dark cycle and between tumour size and TDT both in light and in dark were analysed.
Measurement of tissue blood flow in the identical region of tumours We began measuring tissue blood flow of s.c. tumours with the hydrogen gas clearance technique (Aukland et al., 1964) when the tumour volume reached approximately 3 cm3 at 7 -10 days after tumour implantation (about 2 x 106 cells). Details of the method for measurement have been published in our previous reports (Suzuki et al., 1989; Hori et al.. 1991 Hori et al.. . 1993b ). Briefly. tumour tissue blood flow was assessed by the clearance of the inert hydrogen gas which had saturated the tissue following the inhalation of 9% hydrogen in air (601 min-'); after the inhalation was stopped, the washout of hydrogen was monitored. The half-life for hydrogen clearance was derived from the exponential curve and the flow value (in ml min-' 100 g-' tissue) was calculated from the half-life.
In the present experiments, 18 tumour-bearing rats were used and a wire-type hydrogen electrode (TT-940OIA; Unique Medical, Tokyo, Japan). 2.5 cm in length. and a needletype reference electrode (THU-001; Unique Medical) were inserted in each rat. In all measurements the depth of the inserted hydrogen electrode was less than 10mm from the surface of the tumour nodule. Figure 3 (six rats). Tumours within the transparent chamber grew more rapidly during the dark span than during the light span. The mean TDTs during the dark and light periods were 33.5 ± 11.9 h (n = 38, 20 rats) and 70.6 ± 36.9 h (n = 39, 20 rats) respectively (Figure 4) . The former was significantly shorter than the latter (P<0.001). The relationship between tumour size and TDT in both light and dark spans is shown in Figure 5 . There was a positive correlation between tumour size and TDT (P <0.05), and the slopes of the two regression lines were significantly different (P <0.05). That is, the larger the tumour became, the longer was the TDT during the light span (Figure 5a ). During the dark span, however, the TDT did not increase significantly even in large tumours (Figure 5b ). This result shows that in large s.c. tumours the difference in tumour growth between the light and dark periods is significant.
Changes in tissue bloodflow in the identical region of tumours during a light-dark cvcle Westin et al. (1993) Smaaland et al.. 1993) and also that there is circadian variation in tumour toxicity to anti-cancer drugs (Hrushesky. 1985; Hrushesky and Bjarnason. 1993 Strictly speaking. however. it is not yet clear from the present studies alone why there are circadian variations in tumour growth. Perhaps tumour tissue blood flow and tumour growth are independently influenced by some kinds of cytokines and growth factors which are released by tumour cells. Further studies are necessary to reach a definite conclusion regarding a direct causal relationship between tumour tissue blood flow and tumour growth activity. However, since the relationship between circadian fluctuations in tumour tissue blood flow and in tumour growth has also been observed in another tumour cell line (Yoshida ascites hepatoma AH109A) (data not shown), we believe that in vivo growth of tumour is strongly dependent on tumour tissue blood flow. Clinically ordinary solid tumours are usually larger than rat tumours. Therefore. time-dependent variations in tumour doubling time in human malignancy might be more prominent than that in rat tumours. although the circadian pattern might be reversed in cancer patients since rodents are nocturnal. If it is possible to determine the circadian variations in tumour tissue blood flow and tumour growth in cancer patients, the appropriate timing of various cancer therapies could led to greater efficacy.
